Indonesia's converted peatland areas have a well-established fire problem, but limited studies have examined the frequency with which they are burning. Here, we quantify fire frequency in Indonesia's two largest peatland regions, Sumatra and Kalimantan, during 2001-2018. We report, annual areas burned, total peatland area affected by fires, amount of recurrent burning and associations with land-use and land-cover (LULC) change. We based these analyses on Moderate Resolution Imaging Spectroradiometer (MODIS) Terra/Aqua combined burned area and three Landsat-derived LULC maps (1990 and explored relationships between burning and land-cover types. Cumulative areas burned amounted nearly half of the surface areas of Sumatra and Kalimantan but were concentrated in only~25% of the land areas. Although peatlands cover only 13% of Sumatra and Kalimantan, annual percentage of area burning in these areas was almost five times greater than in non-peatlands (2.8% vs. 0.6%) from 2001 to 2018. Recurrent burning was more prominent in Kalimantan than Sumatra. Average fire-return intervals (FRI) in peatlands of both regions were short, 28 and 45 years for Kalimantan and Sumatra, respectively. On average, forest FRI were less than 50 years. In non-forest areas, Kalimantan had shorter average FRI than Sumatra (13 years vs. 40 years), with ferns/low shrub areas burning most frequently. Our findings highlight the significant influence of LULC change in altering fire regimes. If prevalent rates of burning in Indonesia's peatlands are not greatly reduced, peat swamp forest will disappear from Sumatra and Kalimantan in the coming decades.
Introduction
Indonesia has committed to reducing its greenhouse gases emissions by 29% (potentially up to 41% with international assistance) by 2030. Achieving those targets requires many initiatives but controlling the fire problem is central to these efforts, since burning in Indonesia's peatlands is currently seen as being unlikely to diminish in the coming decades [1] . The peatland fires of 2015, which lasted for three months, were shocking, being referred to as the worst fire event on record since 1997 [2] . The 2015 peatland fires burned more than 2.6 million hectares (Mha) of forest, peat, and other lands. The fires contributed CO 2 emissions equivalent to 5% of global fossil fuel emissions in 2015 [3] , causing economic losses of at least US $16 billion in Indonesia alone, and resulting in roughly 100,300 excess deaths [4] . Indonesia contains approximately 3.5% of global peatlands that store at least 30 gigatons of carbon [5] [6] [7] [8] . Monitoring carbon fluxes from these peatlands is critical for both national and global carbon accounting.
Materials and Methods

Study Sites and Peatland Maps
The study area covers 75% of Indonesian peatlands (Figure 1 ), roughly 7.2 million hectares (Mha) in Sumatra and 5.7 Mha in Kalimantan [6, 7] . The analyses used the peatland map published by Wetlands International [6, 7] . This map of peatlands differs from the recently updated one issued by the Ministry of Agriculture [40] that excludes shallow peat (<0.5 m depth) areas. This exclusion is largely responsible for the disparity in total peatland area (13 Mha vs. 11.2 Mha) and smallholder area (3.1 Mha vs. 2.5 Mha) [41] . Both maps are widely used for official uses. However, both maps have relatively low resolution (1:250,000), reducing certainties about accurate location and associated estimates of peat thickness. largely responsible for the disparity in total peatland area (13 Mha vs. 11.2 Mha) and smallholder area (3.1 Mha vs. 2.5 Mha) [41] . Both maps are widely used for official uses. However, both maps have relatively low resolution (1:250,000), reducing certainties about accurate location and associated estimates of peat thickness. The Wetlands International map shows that peatlands cover most of the eastern coast of Sumatra, with the most substantial portions in Riau and South Sumatra, while Kalimantan's peatlands are spread over southern and western parts of the island [5] [6] [7] . The peatlands vary in depth, with roughly 58% <2-m depth and 42% of >2 m depth on both islands. Ages of the peats differ between the islands as well [5] .
Both regions have drawn international attention due to extensive peat burning and resultant haze impacts on neighboring countries. The two regions experience different land-management practices, with Sumatra having more plantation areas (mainly oil palm (Elaeis guineensis) and pulp wood (Acacia sp.)) than Kalimantan [42] but both regions suffer near-annual burning crises. Natural peat forest areas were predominantly covered by Dipterocarp sp. and Gonysylus sp. trees in both regions before massive forest deforestation and degradation took place (see Table 1 ). The sites have different fire history time frames but, in each, land-use policies related to forest clearing have been the primary cause of fires [43] . Indonesia has experienced high rates of forest loss and degradation with 7.54 Mha lost from Sumatra [44] and 14.4 Mha from Kalimantan [21] since 1978. Forests being converted to plantations have been blamed for contributing to the large area burned. It is still unclear whether fires associated with plantation development affect landscape-level fire frequency [21] . Sub-regional differences exist. For example, Riau has experienced persistent burning with heavy smoke that effects nearby countries and had the highest percentage of peat swamp forests converted to oil palm plantations by 2007 [45] . In South Sumatra, on the other hand, fires have become part of Sonor, a traditional system of wetland rice cultivation [9] . For Central Kalimantan, the fires have been associated with the one million hectares of drained peat-swamp forest-the so-called Mega Rice Project, converted into rice plantations that were later abandoned [20, [46] [47] [48] [49] . A massive network of drainage canals was built at this site, with a combined length of 4500 km, in peat with depths of up to 10 m [50] . The Wetlands International map shows that peatlands cover most of the eastern coast of Sumatra, with the most substantial portions in Riau and South Sumatra, while Kalimantan's peatlands are spread over southern and western parts of the island [5] [6] [7] . The peatlands vary in depth, with roughly 58% <2-m depth and 42% of >2 m depth on both islands. Ages of the peats differ between the islands as well [5] .
Both regions have drawn international attention due to extensive peat burning and resultant haze impacts on neighboring countries. The two regions experience different land-management practices, with Sumatra having more plantation areas (mainly oil palm (Elaeis guineensis) and pulp wood (Acacia sp.)) than Kalimantan [42] but both regions suffer near-annual burning crises. Natural peat forest areas were predominantly covered by Dipterocarp sp. and Gonysylus sp. trees in both regions before massive forest deforestation and degradation took place (see Table 1 ). The sites have different fire history time frames but, in each, land-use policies related to forest clearing have been the primary cause of fires [43] . Indonesia has experienced high rates of forest loss and degradation with 7.54 Mha lost from Sumatra [44] and 14.4 Mha from Kalimantan [21] since 1978. Forests being converted to plantations have been blamed for contributing to the large area burned. It is still unclear whether fires associated with plantation development affect landscape-level fire frequency [21] . Sub-regional differences exist. For example, Riau has experienced persistent burning with heavy smoke that effects nearby countries and had the highest percentage of peat swamp forests converted to oil palm plantations by 2007 [45] . In South Sumatra, on the other hand, fires have become part of Remote Sens. 2020, 12, 5
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Sonor, a traditional system of wetland rice cultivation [9] . For Central Kalimantan, the fires have been associated with the one million hectares of drained peat-swamp forest-the so-called Mega Rice Project, converted into rice plantations that were later abandoned [20, [46] [47] [48] [49] . A massive network of drainage canals was built at this site, with a combined length of 4500 km, in peat with depths of up to 10 m [50] .
Regardless of land-use history, all peatland sites become prone to fire when drained before the establishment of new LULC or through careless logging techniques and plantation establishment. Severe droughts, especially those associated with El Niño-Southern Oscillation (ENSO) events, substantially increase fire susceptibility [24] and recurrent fire events. El Niño corresponds to the warm phase of ENSO as opposed to La Niña in the cool phase. Here, we defined the El Niño/La Niña conditions as anomalous sea surface temperatures (SST) in the Niño 3.4 region (5 • N-5 • S, 120 • -170 • W) that exceed 0.4 • C for at least 5 months. Impacts from El Niño-related reductions in rainfall increase as anomalous SSTs rise and when the timing aligns with dry season periods, which usual begin in the June, July, August (JJA) period. Since 2001, El Niño events have been recorded in 2002, 2004, 2006, 2009, and 2015 , with corresponding La Niña events in 2007, 2010, 2011, and 2016 [51] . Kalimantan's peak fire season usually occurs from September to October while Sumatra's usually starts in June. However, in Riau, two peak fire seasons occur, February to April and June to August.
Satellite Data and Sources
We downloaded the Terra and Aqua MODIS combined MCD64A1 burned area Collection 6 (C6) products from July 2001 to September 2018 (207 months or 17.25 years) for the fire frequency analysis [52] . To cover the entirety of Sumatra and Kalimantan, six scenes were composited including the tiles of h29v08, h29v09, h28v08, h28v09, h27v08, and h27v09. All pixels were selected based on two dataset layers provided with the products: "Burn Date" and Quality Assurance (QA). Day of burn (1-366) was extracted from the Burn Date layer. We filtered pixels so as to retain only those with valid-data flags (QA layer) located over land in all subsequent analyses. Active Fire Data (hotspot) MODIS Collection 6 were downloaded for the same period. The data is available at https://firms.modaps.eosdis.nasa.gov/download/. This product provides hotspot the coordinates and confidence levels. We removed all hotspots with confidence levels less than 30% from subsequent analyses. All datasets were processed using R software.
Some areas burning in 2001 may be missing since only the Terra MODIS satellite was operating at the time. MODIS orbital gaps near the equator mean that availability of full daily coverage of Earth surfaces does not exist, specifically in the tropics, but this should not significantly impact the burned area products since they will detect land-cover changes on subsequent passes. Given the unavailability of specific burned area products for Terra and Aqua, we were unable to directly compare the area burned contributions of the Terra and Aqua data in the combined product. However, we did verify that none of the pixels were classified as "unmapped" for the 2001 product, indicating no gaps due to insufficient data. Since 2001 was a non-El Niño year, when fewer areas typically burn, minor reductions in detections of area burned in that year are unlikely to significantly affect our analysis. The information provided with the burned area product states that there are no known problems observed by starting from July 2001. Given these factors, we believe that extending our time-series datasets is accurate and a valued contribution. These products have not been well validated in many Indonesian biomes and may not accurately record all burned areas in this region. However, since our scope of analysis was regional in scale, covered several years (2001-2018), and used a consistent MODIS product over that time period, analyses should accurately reflect regional trends, and may be conservative.
Land-Use and Land-Cover Maps
Peatland LULC maps were provided by the Centre for Remote Imaging, Sensing and Processing (CRISP) [42] Since the maps were produced at different times, slight classification differences exist between the 2007 map and the other two map years. For comparison purposes between years, the three 2007 LULC map categories (slightly, moderate, and highly degraded peat swamp forest) were combined into a single generic degraded peat swamp forest class. We divided the map into four groups for the fire frequency analysis: forests (including pristine and degraded forests), native-vegetated areas (low/tall shrubs, secondary forest), agricultural areas (smallholder and plantation areas), and other LULC types (water, seasonal water, built-up area, cleared/burned area, and mangrove). Table 1 describes the LULC group and types. 
Agricultural areas
Smallholder area
Mosaic of housing, agricultural fields, plantations, gardens, fallow shrubland, etc. Note that the name of the class refers to the patchy landscape patterns, typical in smallholder dominated areas but the actual land tenure of the areas is unknown.
Industrial plantations
Large-scale industrial plantations assumed to have been already planted with the plantation species. Mainly oil palm (Elaeis guineensis) and pulp wood (Acacia sp.).
Other LULC types
Water Permanent water bodies. This class also includes fish and crab farming ponds.
Seasonal water
Areas that are inundated part of the year. Typically, either extremely degraded areas or flood zones of rivers. This class also includes smallholder mining sites.
Built-up area Towns, industrial areas, etc.
Cleared/burned area Open area with no vegetation, including recently burned areas.
Mangrove
Areas determined to be mangrove forest in the satellite image interpretation although located within peatland areas of maps used in this study.
Source: [53] .
Fire Occurrences, Annual Burned Area, Fire Frequency, and Related Land-Use and Land-Cover Change
Fires accumulated (times burning) and annual burned area were calculated from the MODIS burned area product C6. Only a single fire occurrence per year/pixel was counted. Multi-year fire accumulations at a location of greater than 2 were categorized as recurrent burning. In addition to total annual burned area, burned surface areas were classified as either being extensive (fire accumulation ≤2) or recurrent (>2) in nature.
For the analysis, we divided fire events into two time periods to match the available LULC maps, 2001-2007 (period-I) and 2008-2018 (period-II). We used the 2007 LULC map for period-I and 2015 LULC map for period-II to relate LULC change and fire frequency. We divided the map into four groups: forests (including pristine and degraded forests), native-vegetated areas (low/tall shrubs, secondary forest), agricultural areas (smallholder and plantation areas), and other LULC types (water, seasonal water, built-up area, cleared/burned area, and mangrove).
Fire frequency was calculated from the annual percentage of area burned (APAB, Equation (1)). Average fire-return intervals (FRI), time to burn the entire area, was then calculated (Equation (2)), respective to each LULC type. We removed areas not covered in vegetation and grouped the LULC types into forest and non-forest. Our land cover-related calculations referenced the baseline map of Remote Sens. 2020, 12, 5 6 of 23 1990, when most of the region was still forested and forest degradation and conversion amounts were minimal, to assess subsequent fire-LULC change associations. APAB i = (Annual burning rate) i /(Total peatland areas) i × 100%
(1)
where APAB is percentage of annual burn areas (%) over total peatland (ha) of a specific LULC types (i) while FRI is annual fire-return intervals (year) of a specific land-cover type (i) defined as the inverse of APAB.
Results
Fire Occurrences, Total Area Burned, and Area Affected by Burning among Regions
The MODIS burned area product (C6) shows areas burned one or more times in both peatlands and non-peatlands over the eighteen-year study period ( Figure 2 ). At least 7.9% and 9.4% of the Sumatran and Kalimantan lands were affected by fires, respectively (Table 2) , with the most area affected by burning found in Riau province, Southern Sumatra, and Central Kalimantan (see subsets 
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Fire Occurrences, Total Area Burned, and Area Affected by Burning among Regions
The MODIS burned area product (C6) shows areas burned one or more times in both peatlands and non-peatlands over the eighteen-year study period ( Figure 2 ). At least 7.9% and 9.4% of the Sumatran and Kalimantan lands were affected by fires, respectively (Table 2) , with the most area affected by burning found in Riau province, Southern Sumatra, and Central Kalimantan (see subsets [51] . Although Sumatra's peatland fires are less highly correlated with El Niño events than Kalimantan, large amounts of area burned occurred during those events in both regions. [51] . Although Sumatra's peatland fires are less highly correlated with El Niño events than Kalimantan, large amounts of area burned occurred during those events in both regions.
We found that almost half of the areas burned in Sumatra and Kalimantan peatlands were recurrent burning (more than twice in the same location, Table 2 ). On average, the rate of the amounts of recurrent burning were nearly triple in Kalimantan compared to Sumatra. In the first 6-year period alone, more than one-quarter of burning was recurrent in Kalimantan, with a recurrent fire APAB nearly three times higher than in Sumatra. This rate disparity decreased in the second period but was still twice as high. The recurrent fire FRI was almost the same (slightly longer) than the overall peatland FRI for the entire peatlands from 2001 to 2018. Although there are some regional disparities, these findings reveal that previously burned areas burn nearly as frequently as other areas. Table 2 . Area affected by burning, total area burned, annual percentage area burned (APAB), and annual fire-return intervals (FRI) in peatlands and non-peatlands Sumatra and Kalimantan within three periods. The areas were calculated as percentage areas burned respective to each region. The difference of areas burned and fire frequency is presented for (1) all Sumatran and Kalimantan land, (2) peatlands only, and (3) in non-peatland only. 
Percentage of Area Burned and Surface Affected Fires
Fire-Related Land-Use and Land-Cover Change in Peatlands
Between 2001 and 2018, burning predominantly occurred in areas that had been forested in 1990, but these areas are now experiencing different land management practices in peatlands of Sumatra and Kalimantan ( Figure 5 ). At least 70.5% and 63.8% of all fires occurred in peat swamp forests (pristine or degraded) of Sumatra and Kalimantan, respectively. Based on the LULC as of 2007, subsequent burning of standing forests was more prevalent in Sumatra (13.7%) than Kalimantan (6.9%). By 2015, 64% of these burned forests were converted to agriculture in Sumatra, while only 41% of such areas became agriculture in Kalimantan. Remaining burned forest areas transitioned to other native-vegetation (mostly shrubs). The disparity in plantation area located in peatlands between the regions has diminished in recent years from a 10-fold difference in 2007 to only a three-fold difference by 2015 (see Table A1 in Appendix A). At least 29% and 39% of the total plantation areas in Sumatra and Kalimantan established by 2015, respectively, were associated with burning (Table A2 , Appendix A).
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Between 2001 and 2018, burning predominantly occurred in areas that had been forested in 1990, but these areas are now experiencing different land management practices in peatlands of Sumatra and Kalimantan ( Figure 5 ). At least 70.5% and 63.8% of all fires occurred in peat swamp forests (pristine or degraded) of Sumatra and Kalimantan, respectively. Based on the LULC as of 2007, subsequent burning of standing forests was more prevalent in Sumatra (13.7%) than Kalimantan (6.9%). By 2015, 64% of these burned forests were converted to agriculture in Sumatra, while only 41% of such areas became agriculture in Kalimantan. Remaining burned forest areas transitioned to other native-vegetation (mostly shrubs). The disparity in plantation area located in peatlands between the regions has diminished in recent years from a 10-fold difference in 2007 to only a threefold difference by 2015 (see Table A1 in Appendix A). At least 29% and 39% of the total plantation areas in Sumatra and Kalimantan established by 2015, respectively, were associated with burning (Table A2 , Appendix A). Based on the LULC map of 1990, the highest burning rate from 2001 to 2007 of non-forests occurred in ferns/low shrub for both regions ( Figure 6 and Table A3 in Appendix A), with a higher annual burned rate in Kalimantan (32, 902 ha/year) than Sumatra (29,575 ha/year). Burning rates in Kalimantan exceeded those in Sumatra for all LULC types other than industrial plantations, explaining the more rapid fire-return intervals in this region. In the early time period (2001) (2002) (2003) (2004) (2005) (2006) (2007) burning was minimal in plantation areas with no detected fires Kalimantan and only a few burning in Sumatra (4.3 ha/year). However, plantation burning rates increased in both regions during 2008-2018, most drastically in Sumatra (14, 143 ha/year). Despite the increase, established plantations had the lowest average annual burning rate among all vegetated areas. The areas burned detected as burn scars, or bare land were excluded from this calculation, accounting for 16% of the total area burned in Kalimantan. Those areas were subsequently converted to either agricultural or non-vegetated areas, as shown on the 2015 LULC map (Figure 5b) . occurred in ferns/low shrub for both regions ( Figure 6 and Table A3 in Appendix A), with a higher annual burned rate in Kalimantan (32, 902 ha/year) than Sumatra (29, 575 ha/year). Burning rates in Kalimantan exceeded those in Sumatra for all LULC types other than industrial plantations, explaining the more rapid fire-return intervals in this region. In the early time period (2001) (2002) (2003) (2004) (2005) (2006) (2007) burning was minimal in plantation areas with no detected fires Kalimantan and only a few burning in Sumatra (4.3 ha/year). However, plantation burning rates increased in both regions during 2008-2018, most drastically in Sumatra (14, 143 ha/year). Despite the increase, established plantations had the lowest average annual burning rate among all vegetated areas. The areas burned detected as burn scars, or bare land were excluded from this calculation, accounting for 16% of the total area burned in Kalimantan. Those areas were subsequently converted to either agricultural or non-vegetated areas, as shown on the 2015 LULC map (Figure 5b ). LULC types other than native-vegetation or agricultural for both Sumatra and Kalimantan accounted for only 8% of total area burned during 2001-2018, on average (Figure 5b ). Kalimantan had more prominent amounts of area burned in seasonal water locations than Sumatra (see Figure  7 ), usually located along rivers traversing peat swamp. Areas burned more than twice (2001-2018) predominantly occurred in either pristine or degraded peat swamp forest (extant in 1990) in both regions, accounting for 61% and 57% in Sumatra and Kalimantan, respectively (Figure 5b ). Nativevegetation of various types still constituted the majority of LULC in Kalimantan as of 2015 ( Figure  5a ). LULC types other than native-vegetation or agricultural for both Sumatra and Kalimantan accounted for only 8% of total area burned during 2001-2018, on average (Figure 5b ). Kalimantan had more prominent amounts of area burned in seasonal water locations than Sumatra (see Figure 7) , usually located along rivers traversing peat swamp. Areas burned more than twice (2001-2018) predominantly occurred in either pristine or degraded peat swamp forest (extant in 1990) in both regions, accounting for 61% and 57% in Sumatra and Kalimantan, respectively (Figure 5b ). Native-vegetation of various types still constituted the majority of LULC in Kalimantan as of 2015 (Figure 5a ).
Fire Frequency Analysis in Peatland and Their Associated Land-Use and Land-Cover Types
Overall, the FRI from 2001 to 2018 is short in both regions with shorter lengths in Kalimantan than Sumatra (28 vs. 45 years, Table 2 ). Shorter FRIs predominated during the first period of 2001-2007 but have lengthened somewhat in both regions during the second period, from 38 to 50 years in Sumatra and from 22 to 33 years in Kalimantan. This cycle equates to Sumatra's and Kalimantan's peatlands experiencing an average of 2.3% and 3.8% annual burning for the entire 2001-2018 period, respectively.
When associated with specific LULC types, both Kalimantan peatland forests and non-forest have the shortest FRIs (35 and 13 years, respectively). This indicates rapidly increasing amounts of deforestation/degradation in Kalimantan caused by burning. However, both Sumatra and Kalimantan have considerably short forest FRIs, less than 50 years on average (Figure 8 ). In forests, only 55 years and 47 years are required to burn areas equivalent to the entire pristine peat swamp forests of Sumatra and Kalimantan, respectively, while degraded PSF have even shorter FRIs, 34 and 25 years for Sumatra and Kalimantan, respectively. Annual fire-return intervals for non-forests are longer in Sumatra (40 years) than in Kalimantan (13 years). 
When associated with specific LULC types, both Kalimantan peatland forests and non-forest have the shortest FRIs (35 and 13 years, respectively). This indicates rapidly increasing amounts of deforestation/degradation in Kalimantan caused by burning. However, both Sumatra and Kalimantan have considerably short forest FRIs, less than 50 years on average (Figure 8 ). In forests, 
Discussion
We found that burning was much more prevalent in peatlands than non-peatlands in both regions. Overall, Kalimantan and Sumatran peatlands both experienced extensive amounts and high rates of burning, but experienced different temporal and spatial patterns of fire. Kalimantan had both higher rates of annual burning and significantly higher percentages of recurrent fire events in the same locations than Sumatra. This suggests that extensive burning, such as was reported in 1982-1983 [54] , has been increasingly replaced by recurrent fires, as reported by Hoscillo [25] for the Mega Rice Project areas of Central Kalimantan (see Figure 3 ). Our analysis indicated that these areas continue to be subjected to recurring fire events. Both regions experience more fire during the intense droughts associated with El Niño periods, but Kalimantan's responses are more extreme increasing during El Niño droughts and decreasing during La Niña conditions.
Most areas burned were forested in 1990 but have been converted to a majority of either degraded native vegetation (Kalimantan) or agricultural lands (Sumatra). This indicates that, although development follows upon intentional burning, these areas partially suppress landscapelevel fire spread, potentially explaining the modest reductions in overall annual area burned between the first and second periods. Lower burning rates in the plantation areas of both Sumatra and Kalimantan may be indicating that, although burning initiated agricultural conversion, different management practices may be helping to suppress fires once crops are established. This could 
Most areas burned were forested in 1990 but have been converted to a majority of either degraded native vegetation (Kalimantan) or agricultural lands (Sumatra). This indicates that, although development follows upon intentional burning, these areas partially suppress landscape-level fire spread, potentially explaining the modest reductions in overall annual area burned between the first and second periods. Lower burning rates in the plantation areas of both Sumatra and Kalimantan may be indicating that, although burning initiated agricultural conversion, different management practices may be helping to suppress fires once crops are established. This could support the recent findings [55] that few fires originated from within plantations. Recurrent burning in Kalimantan, on the other hand, has been concentrated within non-managed shrublands, such as found in the drained peatlands of the now discontinued Mega Rice Project.
With a moist microclimate, low-flammability soils [56] and waterlogged conditions, fire in natural peat swamp forests should be exceedingly rare. However, drained peatlands and degraded forest canopies allow the peat to dry and change both the above-ground biomass and the peat itself into more flammable fuels. The shorter FRIs of Kalimantan's forests indicate a greater threat from fire than in Sumatra, but both are experiencing relatively high levels of burning compared to natural conditions. This supports the contention that continued losses of degraded primary forest from 2002 to 2012 might be fire-related [57] . Burned forest area transitions to non-forest conditions indicate the critical role of fires in fostering LULC conversions.
Unlike burning in many other regions where natural causes, such as lightning, predominate, human-mediated activities drive altered fire regimes in Indonesian peatlands. However, the probability of burning is still strongly modulated by precipitation anomalies [58] . Repeated fires, that are increasingly prevalent in Kalimantan, impede natural forest succession, particularly when trees are replaced by shrubs and other vegetation. Vegetation that spreads widely by seed, such as the woody species Combretocarpus rotundatus [59] , or ferns (Stenochlaena palustris and Blechnum indicum) act as invasive species that were not typically found in peat swamp forests, deflecting succession away from forest species (see Figure 7 ). The increasing prevalence of these degraded lands could lead to broader expansion of shrubs into degraded forests, even in the absence of additional fires. Natural reforestation may prove impossible unless more natural hydrological conditions and can be restored and fire prevalence greatly reduced.
Accurate burned area maps are critical for understanding LULC change and monitoring of land management efforts to reduce greenhouse gas emissions from Indonesia's peatlands. Although the MODIS Burned Area product, MCDA164 has been validated globally, few of the validation sites were specifically located in Indonesian peatlands and it is likely burned areas are substantially under-reported. In assessing the limited sites visited earlier in 2013, 2014, and 2018 (some of them can be seen in Figure 7 ) it was evident that there were many fires that the MODIS burned area product failed to detect (manuscript in preparation). This is evident from the 2015 fire season, when fires resulted in huge greenhouse gas [47] and particulate emissions [60] , exceeding those of previous years [3] , but the MODIS burned area was less than the previous year. It is likely that the MODIS burned area product failed to detect many areas burned in 2015 due to obstruction by thick smoke from many fires.
To date, unfortunately, a long-term archive of official national burned area maps does not exist. Official national burned area maps have been provided since 2015 by the Ministry of Environment and Forestry Republic of Indonesia (http://geoportal.menlhk.go.id/arcgis/home/). For earlier years, total annual areas burned are only available as rough estimations [61] , since field assessments are costly and many sites are inaccessible.
Remote sensing is the only practicable avenue for extensive burned area mapping in the peatlands. However, the capabilities of the optical-sensor satellites used for burned area mapping (e.g., [62, 63] ) are limited by high amounts of cloud coverage, frequently small burn sizes, and thick smoke during the worst fire years. Consequently, systematic and consistent information has not been available. However, leveraging of the archive of National Aeronautics and Space Administration (NASA) Earth observations and upcoming free multi-resolution data (e.g., Landsat, Sentinel-2, Sentinel-1) provide promising opportunities for addressing burned area mapping challenges. Several efforts to develop systematic information have been proposed using Landsat (e.g., [64, 65] ), Sentinel-2 (e.g., [66, 67] ) and Sentinel-1 [68] -an active sensor that is capable of penetrating the clouds that frequently impede LULC mapping in the tropics. The combined use of active and passive sensors may increase both spatial completeness and thematic detail [69] of coverage, allowing for more detailed characterization of fire impacts on both the vegetation and the underlying peat to complement burned area mapping efforts.
Conclusions
Nearly two decades of fire occurrences on the two biggest islands of Indonesia, Sumatra and Kalimantan, were synthesized from MODIS burned area products. We found Sumatra and Kalimantan experienced extensive fires with substantial amounts of recurring fire events. The initial LULC was predominantly forest, but most of these areas have been converted to other LULC types which experience different land management practices and rates of burning. Degraded shrublands have the most frequent rate of annual burning on both Sumatra and Kalimantan, precluding regeneration of native forests. Plantation areas are more established in Sumatra, but Kalimantan is experiencing rapid land conversion to plantations.
Our findings highlight the significant influence of LULC change in altering fire regimes in Indonesia. If the current rate of burning that is prevalent in Indonesia's peatlands is not greatly reduced, within less than half of century, peat swamp forest will likely disappear from Sumatra and Kalimantan.
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